An opposed flow burner is examined as an instrument to screen and characterize fuel before full-scale hybrid rocket testing. This device requires small amounts (∼10 g) of solid fuels, and it can save time and material in early phases of fuel characterization. Although impinging jet configurations have been investigated in the past, the full range of operation of these systems in terms of hybrid rocket motor flowfield conditions has not been fully explored. The regression rate, flame structure, and flame temperature in an opposed burner configuration is investigated, and an analysis to relate the results to hybrid rocket applications is developed. Hydroxyl-terminated polybutadiene, dicyclopentadiene, and paraffin are investigated via an opposed flow burner over an oxidizer mass flux range of 4 to 25 kg∕s∕m 2 . Results show solid-fuel regression rate sensitivity to laminar and turbulent flow regimes. Aluminized hydroxyl-terminated polybutadiene regresses ∼34% slower than neat fuel in the opposed flow burner. Infrared spectroscopy reveals peak flame temperatures of the samples tested, ranging from 1850 to 2100 K. Although the opposed flow burner is not a perfect representation of hybrid rocket motor operation, it may prove useful in smallscale screening of fuels. 
OLID-FUEL combustion with a gaseous or liquid oxidizer, as seen in hybrid rocket motor configurations, is governed by the solid-fuel pyrolysis and is generally diffusion limited [1] . It is challenging to study the instantaneous combustion dynamics and surface pyrolysis in the hybrid rocket motor configuration due to difficulty viewing the combusting fuel surface. Hybrid rocket motor combustion is traditionally limited by low solid-fuel regression rates and combustion efficiency. Some approaches to these issues consider polymeric fuels, low melt temperature fuels, and energetic fuel additives [1] ; however, assessing the efficacy of these materials currently requires significant experimental effort. Understanding the mechanisms behind the solid-fuel pyrolysis and combustion is important to improving both regression rate and combustion efficiency in hybrid rocket motors.
Hybrid rocket propellant performance can be quantified with experimental static hybrid rocket motor evaluation. However, promising fuels and additives can be expensive, may not be commercially available, or may be in low supply. Visualizing the burning surface and flame zone of the fuel in a hybrid rocket motor configuration can also be difficult. Slab burner experiments are useful, but fuel sample quantities are still moderate and visualization of the burning surface often proves difficult due to viewing window fouling. A small-scale (less than 10 g of fuel) screening method for evaluating the combustion performance of hybrid fuel combinations that is analogous to strand burn experiments used for solid propellant development could be useful [2] .
An opposed flow burner with a solid-fuel and gaseous oxidizer could be useful for investigating both diffusion flames and solid-fuel pyrolysis. The opposed flow burner has an inherently different flame zone structure, and it typically operates at mass flux and pressure levels an order of magnitude lower than the typical hybrid rocket motor crossflow configuration. However, a relative comparison between fuels can be made in order to compare combustion performances. Regression rate characteristics may also be comparable between configurations in terms of oxidizer mass flux. The regression rate and flame zone could also be examined directly and nonintrusively to reveal combustion characteristics without large fuel quantities and complex windowed configurations. The effects of fuel additives on combustion performance and flame structure could be investigated directly. If a simplified flowfield comparison can be made between the opposed flow burner configuration and the hybrid rocket motor configuration, then the performance results may be comparable. The opposed flow burner may prove to be a useful screening and characterization tool for hybrid solid fuels especially if its operation could be related to hybrid rocket motor operation theoretically and empirically.
To understand the relationship between opposed flow burner and hybrid rocket motor configurations, both inert and reacting flowfields must be understood to compare the flow characteristics with and without surface blowing. Opposed or stagnation-point flows have been used to study impingement flow characteristics since the 1950s [2, 3] . Analytical solutions have been established for the NavierStokes equations applied to a jet impingement onto an infinite plane without surface blowing for both laminar and turbulent flow regimes [3] . Hybrid rocket motor port flow is normally considered to be turbulent; thus, the turbulent flow impingement is most relevant for comparison in the opposed flow burner configuration. A solution to the equations of motion governing the turbulent jet impingement onto a wall was presented by Glauert [4] using the classic Blasius empirical formula for the turbulent friction in a pipe but applied to the stagnation-point flow. Watson [5] and Nakoryakov et al. [6] also applied this approach to investigate radial jet impingement and to examine the near and far flowfield characteristics, respectively. These impingement flow characteristics are expected to be related to opposed flow burner operation.
The diffusion flame of coaxial impinging gaseous fuel and oxidizer jets has also been studied and is thoroughly discussed in literature [7] . The same theories have also been applied to the diffusion flame of gaseous oxidizer jet impingement onto a burning condensed fuel [8] . The flowfield bulk strain rate or stagnation-point velocity gradient was normally used to establish a correlation between oxidizer jet velocity and condensed fuel mass flux. Although the regression rate correlates well with the strain rate, most of these studies focused on using the experimental results to validate numerical simulations of this complex flowfield [9] [10] [11] . The researchers were not concerned with the implications of these results in terms of hybrid rocket motor operation. Regression rates are traditionally correlated with oxidizer mass flux for hybrid rocket motor operation, and it is of interest to correlate opposed flow burner results with measured motor data at similar mass fluxes.
Recently, researchers used an opposed flow burner apparatus to characterize solid fuels for hybrid rocket motor applications [12] [13] [14] . Risha et al. burned small pellets, 10 mm in diameter, of hydroxylterminated polybutadiene (HTPB)-based fuels in an opposed flow burner apparatus at various flow rates and pressures [12] . Arrhenius-type pyrolysis equations and existing hybrid rocket motor theories based on convection and diffusion were employed to derive semiempirical models to describe the solid-fuel regression rate. A laminar flowfield was assumed near the stagnation point, and Arrhenius-type expressions were used to account for the heterogeneous reactions. Multiple models were presented, showing agreement on the order of 10% with the experimental results. Young et al. [13] investigated fuels with and without various additives in an opposed flow burner apparatus with the hopes of characterizing the fuel combinations before using them in a hybrid rocket motor configuration. Regression rate results were presented as a function of oxidizer jet velocity. Young et al. also investigated solid oxidizers burning in gaseous fuels. Regression rates were correlated as a function of bulk strain rate [14] . Most results from these studies fluctuate within 10% of the mean, but increased oxidizer velocities caused increased regression rates. Neither Risha et al. [12] nor Young et al. [13, 14] reported correlations of opposed flow burner regression rates to oxidizer mass flux. It also appears that only a laminar flowfield was applied in the opposed flow configuration experimentally based on oxidizer jet velocities and images of the burning pellets. The hybrid rocket motor port flowfield is typically assumed to be turbulent [1] , and it is important to apply the same flowfield in the opposed flow burner configuration for a relative comparison.
The primary objective of this paper is to examine the regression mechanisms, flame structure, and flame temperature of solid fuels in an opposed flow burner configuration in relation to hybrid rocket motor operation. Hydroxyl-terminated polybutadiene, dicyclopentadiene (DCPD), and paraffin are examined as solid fuels with gaseous oxygen. Also, HTPB loaded with 10 wt% 80 nm Al particles was examined to observe the effects of metal particle addition in this configuration. Laminar and turbulent flow regime effects on regression rate, flame structure, and peak flame temperature in the opposed flow burner configuration are examined. Comparisons are made between the opposed flow burner configuration and hybrid rocket motor configuration, and an analysis is presented to relate the two experiments.
II. Experimental Methods
A. Opposed Burner Apparatus Figure 1 shows a schematic of the opposed flow burner apparatus based on the design in [14] . The 7.5-mm-diam nozzle outlet was placed 10 mm above the fuel surface for ease of measurement for the experiments presented in this paper. The convective heat transfer for this ratio of nozzle height above the fuel surface to the nozzle diameter in an opposed flow apparatus has been observed to be independent of nozzle spacing from the impingement plane [15] . Each fuel pellet sample was held in the stainless steel pellet holder. A spring loaded Omega LD620-25 linear variable displacement transducer (LVDT) was placed through the base of the holder seated against the bottom of the fuel pellet. An extra spring was also placed below the fuel pellet to increase the force on the base. A 30-gauge tungsten wire was placed over the pellet holder and fuel pellet sample to resist the force of the spring, and to keep the top of the pellet in line with the top of the holder. As a result, the top surface of the fuel sample was restricted from moving while consumed during combustion with the oxidizer jet. The tungsten wire is a small fraction of the burning surface and does not appear to significantly affect the pyrolysis, and it remains at the surface of the burning sample during operation. The bottom surface traveled at the regression rate of the fuel sample. An oscilloscope was used to record the LVDT output voltage at a 5 kHz sampling frequency, which was converted to position data. The LVDT tracked the displacement of the bottom of the fuel pellet with time. The position data were numerically differentiated via the technique presented by De Levie et al. to determine the instantaneous regression rate of a fuel sample [16] . The steady-state portion of the regression rate is reported in this paper.
Oxygen was supplied via 15.2 MPa (2200 psi) 99.5% pure oxygen size-K cylinders and was routed to the opposed burner through a copper tubing feed line. An Omega FMA-A2317 flow meter was employed to measure the flow rate of the gaseous oxygen. The oxygen flow rate was varied from 7 to 50 standard liters per minute to compare the HTPB, DCPD, and paraffin pellets. The oxidizer mass flux was calculated by dividing the oxidizer mass flow rate by the nozzle exit area, which corresponded to a range of 4 to 25 kg∕s∕m 2 . The HTPB and DCPD fuel samples would pyrolyze during the combustion process, whereas a portion of the paraffin samples would melt and collect on the pellet holder. The fuel pellets and the pellet holder were weighed before and after each paraffin opposed burner test. For this study, it is assumed that the total mass loss from the pellet and the holder accounted for vaporized or combusted fuel. The remaining pellet mass loss on the holder accounted for molten fuel that was stripped from the surface.
B. Optical Flame Zone Measurements
The opposed burner apparatus can support a variety of optical instrumentation to study the exposed flame zone. A standard speed (30 frames per second) Cannon XL2 3CCD video camcorder was used for flame zone visualization. The HTPB and DCPD samples were recorded with an f number of 11 and an exposure of 1∕1000 s. The paraffin samples were recorded with an f number of 11 and an exposure of 1∕100 s.
A Spectraline ES100 spectrometer with an SS100 scanner was used to find the peak temperature of the flame zone. The spectrometer was used to measure spectral radiation intensities in the infrared range for wavelengths from 1.3 to 4.8 μm with a resolution of 22 nm at a sampling frequency of 1320 Hz. The scanner was swept over the flame zone at a spatial frequency of 10 Hz. The spectral intensities were fit to gray body intensity vs wavelength relations (Planck's law) to determine flame temperature. The resulting 20% highest temperatures were filtered to include blackbody fits with R 2 > 0.95.
C. Material and Handling
Hydroxyl-terminated polybutadiene, DCPD, and paraffin were the fuels investigated in this study. A great deal of hybrid rocket combustion literature focuses on HTPB-based fuels. Hydroxylterminated polybutadiene was chosen as the baseline fuel for this system. Dicyclopentadiene is an experimental binder investigated for both composite solid propellants and hybrid solid fuels, and it can better protect sensitive particles from decomposing when exposed to air or water vapor [17] . Dicyclopentadiene has the potential to protect sensitive energetic particles that can increase the solid-fuel regression rate. Paraffin wax has a regression rate three to four times higher than HTPB, which makes it of interest as a fuel. The HTPB/DCPD vendors, mixing procedures, and casting procedures used in this study are outlined in [17] .
The paraffin wax used in this study was purchased from Sigma Aldrich (part 76241, lot BCBG1345V). It has a melt temperature of 50-52°C. The paraffin pellets were melted at 100°C on a hotplate and then poured into 12.7 mm outer diameter straws. The straws were then submerged in ice water to consistently cool the samples and prevent additive settling.
Nanoaluminum was also investigated as an additive in this study. The nanoaluminum was purchased from Novacentrix, with a nominal diameter of 80 nm and 79% active content, which was sized by the technique described by Mang et al. [18] . All nanoaluminum was stored in an inert and low-moisture environment before use.
The thermal diffusivity and conductivity of each fuel were measured using the transient plane source (TPS) method described by Flueckiger et al. [19] . The TPS sensor was placed between the two halves of a sectioned fuel pellet. Power was applied to the sensor for 30 s to increase the sensor temperature and, via conduction, the sample temperature. The thermal diffusive properties of the material can then be derived from the transient temperature response of the sensor [19] . Twenty milliwatts of power caused a 2 to 3.5 K increase in pellet temperature and produced repeatable results. The mean of three experimental runs and a 95% confidence interval for each fuel were obtained.
III. Results and Discussion

A. Flowfield Comparison
Hybrid rocket motor and opposed flow burner operations can be related through a comparison of the theoretical convective heat transfer governing the solid-fuel regression rates. The opposed burner flowfield is related to that of a hybrid rocket motor in terms of the traditional convective heat transfer theory. For this analysis, kinetics are assumed to be fast enough such that combustion is diffusion limited and radiation is assumed negligible. Figure 2 shows a representation of the classic hybrid rocket motor flame zone, adapted from [1] . This idealized flame zone is based on the flame sheet theory presented by Marxman and Gilbert [20] and Marxman and Woodridge [21] using convective heat transfer properties. Figure 3 shows a similar flame zone representation for the opposed flow burner. Within Marxman's classic hybrid regression analysis, the regression rate is given by
where ρ f is the fuel density, C f is the blowing friction coefficient, G is the mass flux, and B is the blowing coefficient. Marxman and Gilbert [20] and Marxman and Woodridge [21] presented an empirical relation between C f ∕C fo and B in a crossflow configuration, where C fo is the nonblowing friction coefficient. They used this empirical formula to complete the regression model presented for hybrid rocket motors. It is assumed that this empirical relation does not hold true for an impingement type flow, since the correlation was based on crossflow data. For simplicity, it is noted that C fo is proportional to C f in terms of B, and combining this statement with Eq. (1) produces
In this treatment, it is assumed that impinging flow and transverse flow differ in Eq. (2) by the nonblowing friction coefficient, since the boundary-layer growth is directly dependent on this parameter. For the hybrid rocket motor configuration, the Blasius correlation for the nonblowing friction coefficient in turbulent flow along a flat plate is used:
where Re is the hybrid rocket motor Reynolds number defined by
For the hybrid rocket motor, G is the port mass flux, x is a given distance along the fuel grain, and μ is the freestream viscosity [1, 2] . Combining Eqs. (2-4) produces
which reveals that the hybrid rocket motor solid-fuel regression rate is dependent on the position along the fuel grain port and port mass flux. For stagnation-point flow, we assumed that the boundary-layer thickness was constant near the impingement zone and that C fo was represented by the classic empirical formula for the turbulent friction in a pipe [3, 5, 6] . As described in Sec. I, C fo 2 0.0225Re −0.25 (6) was used to account for the boundary-layer growth for a turbulent stagnation-point flow, where Re is the opposed flow burner Reynolds number defined by
for an opposed flow burner, G is the nozzle exit mass flux, D is the nozzle exit diameter, and μ is the freestream viscosity [3, 5] . Combining Eqs. (2), (6), and (7) results in
A comparison of Eqs. (5) and (8) reveals that the opposed flow burner solid-fuel regression rate is theoretically less dependent on the nozzle exit mass flux than the hybrid rocket motor configuration, and it is more dependent on nozzle exit diameter than is the hybrid rocket motor regression rate on position along the fuel grain.
B. Solid-Fuel Thermal Properties
The thermal diffusivity and conductivity were measured for each pellet as described in Sec. II.C. The results are presented in Table 1 . The percent increase over the baseline neat HTPB is also reported for both properties. Dicyclopentadiene has a 31% higher thermal diffusivity than HTPB, but it is only 2% higher thermal conductivity. This property indicates that the DCPD will heat up quicker than HTPB, but it will not reach a significantly higher temperature. Since HTPB has a lower decomposition temperature than DCPD, the higher thermal diffusivity may not increase the regression rate of DCPD [17] . The paraffin fuel has an 11% higher thermal diffusivity than HTPB and an approximately 40% higher thermal conductivity than HTPB and DCPD. The higher thermal conductivity will allow the paraffin fuel pellets to increase temperature more quickly than the HTPB and DCPD fuel pellets. This result indicates that the paraffin fuel will reach its melt temperature faster than the other fuels will reach their decomposition temperature, which will cause the paraffin to regress more quickly than the other fuels. The HTPB loaded with 10 wt% 80 nm Al has approximately a 25% higher thermal diffusivity and conductivity than neat HTPB. This result indicates that the HTPB loaded with 80 nm Al will heat up more quickly and reach a higher temperature than neat HTPB. However, as discussed in the next section, the 80 nm Al addition does not increase the regression rate of HTPB in the opposed flow burner configuration.
C. Regression Rate Results and Flame Zone Visualization
Regression rate measurements and video imaging were analyzed from neat HTPB, DCPD, and paraffin experiments for oxidizer mass fluxes ranging from 4 to 25 kg∕s∕m 2 , which correspond to a nozzle oxidizer velocity of 300 to 1900 cm∕s. In this configuration, 25 kg∕s∕m 2 was the maximum mass flux that would allow fuel ignition. Figure 4 demonstrates the nominal burning behavior of HTPB and DCPD samples. Each HTPB or DCPD test lasted ∼20 s with 3-6 s of steady-state combustion. Paraffin samples generally burned for 5-7 s with steady-state combustion that lasted for 1.5-2.5 s due to the high regression rate. The uncertainty of the LVDT measurement was 0.0142 mm. Following the uncertainty analysis by Coleman and Steele [22] , the uncertainty of the regression rate measurements is the uncertainty of the LVDT divided by the steadystate burn time. Figure 5 shows the regression rate results for neat HTPB, DCPD, and paraffin samples. A regression rate slope change around an oxidizer mass flux of 7 kg∕s∕m 2 in the DCPD and HTPB trends is observed. The slope break occurs at an oxidizer nozzle exit Reynolds number of ∼2500, and it falls in the 2000 to 3000 range that corresponds to the laminar to turbulent transition range for pipe flow [3] . At the higher oxidizer mass fluxes (greater than Re ∼ 2500), the flowfield is turbulent at the oxidizer nozzle exit, and at the lower mass fluxes (less than Re ∼ 2500), the flowfield is laminar. Figure 6 shows a flame zone comparison for HTPB in the proposed laminar and turbulent flow regimes. In the laminar flow regime, the visible flame tends to uniformly curl upward in streamlines away from the fuel grain surface in the opposed flow burner configuration. In the turbulent flow regime, the visible flame tends to stay almost parallel to the fuel grain surface in this configuration and then disperse into the shear layer with the ambient environment in a nonuniform matter. The change in flow structure is indicative of a laminar to turbulent transition [3] . The convective heat transfer characteristics differ for each flow regime and, in turn, directly affect the solid-fuel regression rate. Similar DCPD and HTPB regression rate trends (Fig. 5 ) are observed in the turbulent regime. Both HTPB and DCPD are crosslinked polymers that should have similar pyrolysis behaviors, and therefore similar regression and combustion characteristics. In the laminar regime, the regression rate trends for DCPD and HTPB have approximately the same slope, but they have an offset in regression rate magnitude. A carbonous combustion product layer builds upon the DCPD fuel pellets during combustion in the laminar regime. The thick carbon layer likely restricts diffusion, insulates the surface, and therefore inhibits the regression rate. This layer is not observed for HTPB (C 7.3 H 10.3 O 0.1 ) fuel combustion, since it contains less carbon molecularly than DCPD (C 10 H 12 ) [23, 24] . The oxidizer velocity in the turbulent regime was sufficient to remove the carbonous layer, and it allowed the DCPD fuel pellets to regress similarly to the HTPB pellets. The paraffin fuel pellet regresses approximately 350% faster than both DCPD and HTPB. This is consistent with hybrid rocket motor literature, where paraffin regresses ∼300-400% faster than HTPB under gaseous oxygen [25] .
Though the specific entrainment phenomenon is likely not present in the opposed burner configuration, paraffin regression is still dominated by the melt layer shedding via interfacial drag. Vaporized paraffin accounted for 26.5 6.2% of the paraffin mass removal, whereas the remaining paraffin was shed from the pellet due to melting. Opposed burner paraffin shedding is proportional to entrainment observed in hybrid rocket operation, where vaporization and entrainment is observed to be responsible for ∼21 and ∼79% of mass loss, respectively, at low mass fluxes [26] . From these results, it is clear that the opposed burner does capture the mechanical mass transfer that is imperative for fast paraffin regression. In both the opposed flow and crossflow systems, the primary mechanism for mass removal is interfacial drag. In crossflow systems, waves formed through Kelvin-Helmholtz instabilities shear due to interfacial drag and form droplets that are entrained in the flow. However, drag in the opposed flow system causes the molten paraffin to shed from the surface. The mechanical mass transfer mechanism accounts for approximately 70-80% of the total mass transfer in both systems. The paraffin fuel stripping in the opposed flow burner may be representative of an upper limit to the entrainment mechanism postulated by Karabeyoglu et al. [25] . Figure 7 shows a comparison of HTPB, DCPD, and paraffin fuel sample combustion in the opposed flow burner. The HTPB and DCPD flames are similar in intensity and structure. The paraffin flame is less intense, and the melt layer shedding is clearly visible. There is no apparent difference in regression rate trends in both flow regimes for paraffin. The lack of transition suggests that the melting and shedding of the fuel is the primary mechanism of fuel regression, and it may be less affected by flow structure.
The regression rate coefficients and exponents for the HTPB, DCPD, and paraffin sample are shown in Table 2 along with examples of typical hybrid rocket motor results from literature. However, no DCPD/gaseous oxygen (GOX) motor tests have been conducted. Data for DCPD and decomposed 90% rocket-grade hydrogen peroxide (RGHP) aer reported for comparison [17] . All regression rate exponents are lower than the theoretical 0.75 for convective heat transfer controlled regression in an opposed flow burner configuration: approximately 30% lower for HTPB and DCPD, and 40% lower for paraffin. Approximately a 25% lower exponent than the theoretical 0.8 for convective heat transfer controlled regression for HTPB in a hybrid rocket motor configuration is observed in some hybrid rocket motor literature [27] . As expected from the analysis previously presented, the empirical opposed burner regression rate exponents are lower than that of hybrid rocket motors. However, the opposed burner exponents are ∼5-15% lower than reported empirical exponents for HTPB and DCPD in hybrid rocket motor configurations. The differences are likely due to scaling effects caused by the small pellet samples, such as a nonuniform flowfield above the surface and heat conduction to the sample holder. The low regression rate exponent of paraffin likely indicates that paraffin regression in the opposed burner is dominated by the shedding of molten paraffin. Karabeyoglu et al. postulates that entrainment is more dependent on material properties than on local mass flux [28] . The regression of paraffin in the opposed flow burner may have a similar dependence on material properties. The regression rate data obtained for DCPD and decomposed RGHP in a hybrid rocket configuration show a similar trend observed for the HTPB empirical data. Other mechanisms, such as radiation and heterogeneous reactions, are not directly dependent on mass flux, but they can still affect fuel regression [12, 29, 30] . These mechanisms may be the main cause of the difference between theory and empirical data. There is also more surface blowing in the hybrid rocket motor configuration due to the higher regression rates, which may increase the mass flux dependence. Figure 8 shows the regression rate results for HTPB loaded with and without passivated 80 nm Al in the opposed flow burner. The addition of the nanoaluminum reduces the regression rate in this configuration by approximately 35%. Figure 9 shows an image the flame zone of HTPB with 10 wt% 80 nm Al. Aluminum particles are observed being ejected from the flowfield above the pellet. The aluminum particle combustion may be occurring too far away from the pellet surface to add enough energy to the system to increase the regression rate. The HTPB surface temperature during pyrolysis is approximately 750 K, and 80 nm Al ignition occurs above 1000 K [30, 31] . The Al particles will not ignite at the surface and have a low residence time before being removed from the combustion zone. The ejection of the aluminum particles may be transporting thermal energy from the flame zone and causing the observed decrease in regression rate of the fuel with nano-aluminum (nAl) addition. Accumulation of aluminum/HTPB combustion products forming at the surface was observed, which may have also contributed to the regression rate reduction. In traditional hybrid rockets, nanoscale Al does increase the regression rate of HTPB. It is postulated that regression rate trends for additive particles that rely on the traditional hybrid rocket motor residence times cannot be accurately resolved in the opposed burner. However, if a fuel additive causes a regression rate increase in the opposed flow burner configuration, it likely releases energy near the fuel surface and may cause a significant increase in a hybrid motor configuration. Figure 10 shows a temporal scan of the spectral intensity as a function of wavelength for HTPB combustion. The spectral intensity curve remains relatively consistent over the course of the burn time for HTPB, and it has R 2 > 0.95 when fitted to the spectral intensity curve for a gray body emitter. Similar results were seen for the DCPD samples. Temperature is calculated from this fit. A temporal scan of the spectral intensity as a function of wavelength for paraffin is shown in Fig. 11 . The paraffin samples do not emit the same levels of radiance as the HTPB and DCPD samples, and they do not show agreement with the blackbody spectral intensity curves likely due to much lower amounts of soot. In addition, the combustion product species emit relatively high levels of radiance at wavelengths of 3.5 and 4.4 μm, which are near the emission frequencies of H 2 O and CO 2 , respectively [32] . The poor gray body fit likely indicates a lack of carbon in the combustion products. Due to these inconstancies, the spectral intensity curves for paraffin could not be accurately used to calculate temperature. Figure 12 shows a nominal temperature trace for a HTPB sample. Temperature bands observed in the trace correspond to spectral emissions across the opposed burner diffusion flame zone. The average peak combustion temperature is of interest for this study, as indicated in Fig. 12 . Figure 13 shows the average peak temperatures for two samples of HTPB, DCPD, and HTPB with 10 wt% nAl for both the laminar and turbulent flow regimes. The error bars correspond to the 95% confidence interval of the data [22] . The temperatures range from 1850 to 2100 K, and they do not vary significantly between each regime or from sample to sample. The temperatures measured in the opposed flow burner are ∼40% lower than the adiabatic flame temperature of typical GOX/hydrocarbon based flames (∼3600 K). The temperature difference most likely corresponds to the outer flame region that envelops the primary flame zone at a lower temperature due to the diffusion of product species. This layer most likely contains a significant amount of soot that affects the radiance and can result in a lower temperature. The fuel pyrolysis is similar for HTPB and DCPD, since regression rates are sensitive to oxidizer mass flux but peak flame temperature is not. The nanoaluminum addition was expected to increase the flame temperature, but the low resonance time in the flame zone prevented an increase. If the peak average temperature could be significantly increased, then an increase in regression rate may be observed, since the convective heat transfer would increase from the flame zone to the condensed fuel surface.
D. Flame Temperature
IV. Conclusions
This paper examines the regression rate and flame characteristics of various solid fuels in an opposed flow burner configuration. Specifically HTPB, DCPD, and paraffin are examined under an impinging gaseous oxygen flow. The effects of metal particle addition on regression rate in the opposed flow burner configuration are studied with a mixture of HTPB loaded with 10 wt% 80 nm Al. The regression rate is dependent on the flow regime of the flame zone in the opposed flow burner. A transition point in the regression rate trends occurs as the oxidizer nozzle transitions from a laminar to a turbulent flow regime. In theory, the regression rate exponent for the opposed flow burner configuration should be lower than the hybrid rocket motor configuration due to the difference in flowfield structure. A lower regression rate exponent was observed in these results than theorized. However, both opposed flow and hybrid motor configurations have lower exponents than expected for convective heat transfer alone (25-30%). The paraffin fuel has a ∼350% higher regression rate than the HTPB fuel in the opposed flow burner that is the same relative regression rate increase seen in hybrid rocket motor regression rate trends, revealing that the opposed flow burner does capture the mechanical mass transfer mechanism of paraffin entrainment via the shedding of the molten paraffin. This result is partly expected, since the paraffin has a 40% higher thermal diffusivity than the other fuels, and it will reach its melt temperature more quickly than the other fuels will reach their decomposition temperature. A 35% reduction in regression rate was observed for HTPB loaded with 10 wt% 80 nm Al compared to the neat HTPB. This is unexpected, since the 80 nm Al addition increases the thermal conductivity and diffusivity of HTPB, and increases in regression rates in aluminized fuels have been reported in literature. The reduction in regression rate is likely a result of the aluminum particle combustion occurring far enough from the pellet surface to have no effect while transporting thermal energy away from the flame zone.
The average peak flame temperature for the HTPB, DCPD, and HTPB loaded with 10 wt% nAl ranges from 1850 to 2100 K. No distinct change in average peak flame temperature was observed between the fuels investigated or for varying oxidizer mass flux. The flame temperature independence from oxidizer mass flux indicates the HTPB and DCPD have similar pyrolysis behavior and that the nanoaluminum addition does not increase the flame temperature in the opposed flow burner configuration.
The opposed flow burner has shown the potential to be useful as a screening tool to depict regression rate trends for polymeric and low melt temperature fuels as a function of oxidizer mass flux in a turbulent flow regime. The opposed flow burner also allows visualization of the flame zone and flame temperature measurement. The opposed burner may not be useful in depicting a regression rate trend for additives unless they can react adequately near the fuel surface. Further experimentation will need to be conducted to fully qualify the opposed burner as a screening tool.
